the genetic background of Atopic Dermatitis (AD) with chronic pruritus is complex. Filaggrin (FLG) is an essential gene in the epidermal barrier formation s. Loss-of-function (Lof) variants in FLG associated with skin barrier dysfunction constitute the most well-known genetic risk factor for AD. in this study, we focused on the frequency and effect of FLG loss-of-function variants in association with self-reported age-of-onset of AD. The dataset consisted of 386 whole-genome sequencing (WGS) samples. We observe a significant association between FLG Lof status and age-of-onset, with earlier age of onset of AD observed in the FLG LOF carrier group (p-value 0.0003, Wilcoxon two-sample test). We first tested this on the two most prevalent FLG variants. Interestingly, the effect is even stronger when considering all detected FLG Lof variants. Having two or more FLG Lof variants associates with the onset of AD at 2 years of age. In this study, we have shown enrichment of rare variants in the EDC region in cases compared with controls. Age-of-onset analysis shows not only the effect of the FLG and likely eDc variants in terms of the heightened risk of AD, but foremost enables to predict early-onset, lending further credence to the penetrance and causative effect of the identified variants. Understanding the genetic background and risk of early-onset is suggestive of skin barrier dysfunction etiology of AD with chronic pruritus Atopic dermatitis (AD) is a chronic, inflammatory skin disease with an estimated prevalence of 7.3% in the US 1 . The genetic background of chronic pruritus in AD is complex. The heritability of AD is estimated to be around 75% 2 . Interestingly, when one or both parents have AD the risk of a child developing AD is higher than the risk of developing other atopic conditions, such as asthma and allergic rhinitis 3 . This suggests that there are genetic factors specific to AD beyond those for general atopy 4 .
Furthermore, most of the identified FLG null variants display a higher prevalence in individuals of Caucasian ancestry as compared to the African Americans (27.5% vs. 5.8%) 19 .
The genetic architecture of AD is likely a combination of common variants, but also rare LOF variants within the FLG and pathways involved 12 . Several rare FLG LOF variants have been identified across different populations. For example, two rare LOF variants not found in European groups were identified in Asian AD populations, p.S2554* and p.S1107fs (prevalence 4.2% and 1.4%, respectively) 16 . Two studies in Singaporean Chinese AD populations identified a total of 14 additional FLG LOF variants 20, 21 .
Additional genes involved in skin barrier function are thought to have a potential role in AD. The epidermal differentiation complex (EDC) encodes proteins critical to the proper development of keratinocytes and normal formation of the skin barrier 22 . The proteins in the EDC come from three gene families with closely related functions: the cornified envelop precursor family, and the S100 protein family and the S100 fused type proteins (SFTP) 22, 23 . FLG, which is located on chromosome 1q21, is a member of the SFTP family of the EDC 5 . Dysregulation of other EDC genes has also been implicated in AD 24, 25 . Several profiling studies of the transcriptome have shown significant downregulation of EDC genes, such as ivolucrin, loricrin and late cornified envelop 2B, in AD [24] [25] [26] . For example, the deletion of the EDC member gene Small Proline-Rich Protein 3 was shown to be associated with AD 27 . Another large-scale genome-wide association study of AD patients also identified multiple risk loci in genes involved in epidermal proliferation and differentiation, in addition to a strong signal at the FLG locus 28 .
Our work aimed to investigate the frequency and effect of rare FLG and EDC LOF variants on the age of onset, on the severity of the phenotype itself and on clinically relevant measures in AD. We also evaluated other potential risk loci within the entire EDC in patients with AD, participants of a clinical study, VP-VLY-686-2102 (also referred to as AD1 throughout this paper). Study AD1 was a randomized, double-blind, placebo-controlled, multicenter study of 168 patients (placebo or treatment) with chronic pruritus associated with AD. The genetic results from this study were then replicated in a subset of a second ongoing clinical study, EPIONE (also referred to as AD2 throughout this paper). Study AD2 was also a randomized, double-blind, placebo-controlled, ongoing multicenter study of patients with chronic pruritus associated with AD. We evaluate the effect of these variants on the age-of-onset of AD to further understand the penetrance and the consequences of these variants in the phenotype context.
Results
incidence of fLG variants in AD patients. In clinical studyAD1, whole genome sequencing data was obtained from 116 subjects. In an ongoing study AD2 a subset of 270 patient samples were collected and whole genome sequenced. Figure 1 shows a PCA plot of the first study cohort 116/168, together with demographics and clinical characteristics of these patients provided in Supplementary Table 1 . PCA was generated using WGS data, in order to examine population substructure of our studied cohort. Looking at panel B, we see enrichment of the two known variants in Caucasians and an interesting enrichment of other LOF FLG variants in the African American background. We investigated the incidence of all FLG LOF variants in the genomes of the clinical study patients, and compared them with the whole genome sequences of a control population of 316 healthy volunteers from clinical study 3107 (also referred to as JET8 throughout this paper). In AD1 study, 26 patients of the 116 (OR = 4.05, CI = 2.17-7.55, p < 0.0001) samples carried FLG LOF variant. In study AD2, 41 of the 270 sampled patients carried a FLG LOF variant (OR = 1.99, CI = 1.18-3.36, p = 0.0093). In the control population from the JET8 study, 21 of the 316 sampled patients harbored FLG LOF variants. The presence of FLG LOF variants in the combined population of AD1 and AD2 patients was significantly greater than the presence of these variants in the JET8 control population (OR = 2.95, CI = 1.76-4.93, p < 0.0001). The incidence of p.R501* variant alone was examined in the AD1 cohort, and was found in 10 of the 116 patients (MAF = 0.043). GnomAD's allelic frequency total is 0.009 with the highest allelic frequency noted for European (Non-Finnish) population. The list of all the identified FLG LOF is present in Table 1 and displayed on Figs. 2 and 3. Figure 2 displays the location of individual LOF variant in both AD sets. We do observe a higher frequency of FLG LOF variants with many being rare singleton variants when compared to controls as displayed on Fig. 3 . In addition, we have evaluated the presence of FLG population specific variants in gnomAD across ethnicities as shown on Fig. 4 . Figure 4 shows the major frequency differences among populations especially when focusing the most actionable variants. Panel 4a. displays the frequent variants in the entire region whereas Panel B. displays truncating variants in the region <1500 aa. The motivation beyond examining truncation in the context of FLG LOFs was to explore physical truncation of the protein that would otherwise provide monomers as well as exploring the incidence of such. enrichment of rare Lof variants in the eDc in AD patients. The incidence of rare LOF variants in the EDC was investigated. Specifically, evolutionarily related members of the S100 fused type proteins (SFTP) family were evaluated, such as CRNN, FLG2, HRNR and RPTN, among other EDC genes all listed Table 2 and LOF in EDC displayed on Fig. 5 . We investigated the frequency and effect of rare LOF (stopgain, frameshift, splicing) variants in the SFTP gene family in the AD1 population compared to the JET8 controls, as defined by a MAF < 5%. In the AD1 cohort, 45 of the 116, 38% AD patients carry a LOF variant ( Table 2 ). In the AD2 cohort 75 of the 270, 27.7% AD patients carry a LOF variant. In the JET8 controls, 55 of the 316, 17% patients carried these LOF variants. Comparing these two results, the presence of these variants is significantly higher in the AD patients than the controls (OR = 2.18, CI = 1.51-3.13, p < 0.0001). Cumulative risks (OR and RR) were calculated for these rare variants as well, based on the presence of at least one deleterious allele. The relative risk (RR) for the rare SFTP LOF SNPs (n = 13) was found to be 2.27 (p = 0.0005). The OR was found to be 2.66 (p = 0.0007). In addition we computed the genetic risk score of these top variants shown on S Fig. 2 . with a p-value of 0.00001. We were able to replicate the effect in the AD2 study cohort, OR 2.11, p-value = 0.022.
Regional enrichment analysis reiterates the significance of the locus.
In order to study the LOF variant set of the whole SFTP family of the EDC, an optimal unified sequence kernel association test (SKAT-O) was used. This test was applied to compare the WGS's of AD1 cases versus healthy controls. Overall, a significant accumulation of rare variants in the EDC was observed in AD cases when compared to controls (p = 4.7E-20). This value is notably much lower than the association of FLG alone (p = 4.5E-6). Specifically, en masse SKATO analysis showed highly significant association with AD in HRNR looking beyond mere FLG, genes. Accumulation of rare LOF variants in the EDC yields a p-value of 4.7e-20, much lower than for FLG alone p-value of 4.5e-6 (LOF set comparing AD with controls) and reiterates the importance of looking for LOF variants extending beyond FLG itself.
Association of variant status with age-of-onset of AD.
We collected age of onset of AD information for the whole genome sequencing (WGS) samples also genotyped for 2 most prevalent FLG variants (p.R501* (rs61816761), p.S761fs (rs558269137)). The average age of onset in this cohort is 23.2 years of age (S Fig. 3 . Histogram of age of onset). We observe a significant association between FLG LOF status and age-of-onset, with earlier age of onset of AD observed in the FLG LOF carrier group (p-value 0.0003, Wilcoxon two-sample test).The median age of onset for WT is 20 years of age, and the mean age of onset is 4. www.nature.com/scientificreports www.nature.com/scientificreports/ Interestingly, the effect is even stronger when considering all detected FLG LOF variants. Having two or more FLG LOF variants associates with onset of AD at 2 years of age (Wilcoxon Two-Sample Test). We observe a significant association between FLG LOF status and age-of-onset, with earlier age of onset of AD observed in the FLG LOF carrier group (z-score 3.95, p-value 0.00008) with the effect displayed on Fig. 6 . The OR of having onset before 20 years of age in the AD population if the subject is a variant carrier is 8.9 (p-value 0.004). The OR of having onset before 5 years of age in the AD population if the subject is a variant carrier is 7.8 (p-value 0.0001). We have shown a significant enrichment of WGS for rare variants in the EDC region in cases compared with controls. Age-of-onset analysis shows not only the effect of the FLG and likely EDC variants in terms of heightened risk of AD, but foremost enables to predict early onset, lending further credence to the penetrance and causative effect of the identified variants.
Discussion
Using screening methods that are dependent only on a subset of known FLG variants (p.R501*, p.S761fs etc.) we are missing out on ~30% of FLG LOF variation. Whole Genome Sequencing closes that gap of missing FLG impairment among AD patients. It is especially evident among non-European populations as shown in Figs. 1  and 4 . With whole genome sequencing and focusing on all LOF variants we have shown that we can explain a higher proportion of patients as well as find other actionable variants (variants of well-established consequence on development and persistence of AD, that can guide diagnosis and likely therapeutic approaches) that are variable across populations. The same holds true when we expand to pathway based analyses and EDC complex, in example variants in HRNR and other SFTP family members.
Figure 3.
Comparison of variants detected in cases (AD -blue) and controls (JET8 -orange). We observe higher frequency of FLG variants in AD. The variants identified in AD cases not detected in controls are marked with a*.
It has been previously reported by Margolis et al., that subjects with an FLG variants were less likely (OR 0.54) to report as 'symptom free' in comparison with those without these variants. Interestingly, children in that cohort carrying the p.R501* variant (OR 0.44) were more likely to be non-responders to therapies 19 . Another interesting study reported by Koseki et al., investigating the effect of 8 LOF FLG variants, supports the notion that the effect of FLG LOFs variants is prominent during a very early stage of life 29 . Further evidence comes from another study focusing specifically on 2282del4 showing association with AD developed during infancy as reported by Rupnik et al. 30 . Furthermore, the authors showed an association with longer duration and more frequent hospitalization in this cohort of FLG variant carriers 30 . It is becoming more apparent that FLG and overall EDC, specifically SFTP variants predispose to risk of AD with effects differing across ages.
We used FLG and EDC status of variants and used that to correlate with age-of-onset and other clinical measures of AD and itch. The fact that age-of-onset is highly correlated with FLG status reflects upon the potential causes of the disorder itself, here likely skin barrier dysfunction as primary. The fact that frequency matters and amplifies the observed earlier onset lends credence to yet another hypothesis were the effect is intensified with number of causative variants.
There are several limitations of this work that may impact the conclusions as of course we extrapolate to EDC but there could be other ways of assigning pathway based categories that are involved in skin barrier function. Noteworthy is also the fact that we are not using controls evaluated for not having AD, so likely the magnitude of the effect would be even greater with such matched and screened for not having AD diagnosis set of controls. Nevertheless, it is likely that directionally our conclusions are valid and simply the magnitude may increase with differently matched controls. As we are accruing more subjects it will be very interesting to design a panel that would cover and work for different ethnicities as the majority of variants discussed in literature are applicable to Caucasian ancestry. It will also be relevant to quantify the effects of these variants on a translational basis looking at skin proteomics. In addition structural variants that are usually known to account for roughly 5% of the variation unexplained, should be evaluated, in this context to provide a more comprehensive outlook on the role of skin barrier genetics in AD.
conclusion
Understanding the genetic background and risk of early-onset is suggestive of skin barrier dysfunction etiology of the itch-scratch cycle present in early-onset AD. The pervasive effect of the variants would likely then manifest itself at an early age with AD phenotype of xerosis, and susceptibility to infection. Novel hence newly discovered LOF variants detected in this study expand the pool of risk loci. Whole-genome sequencing showed enrichment for rare variants in the EDC, specifically in the SFTP family, in AD patients compared to healthy controls. The strong association between these variants and AD suggests they may significantly affect a person's risk of developing the disease. Further, these variants identified are often in genes that affect the skin barrier, lending evidence to the role of barrier dysfunction in the pathogenesis of AD. The novel LOF variants detected in this study help explain the missing heritability and etiology of AD and could serve as disease biomarkers, which could 
